We examine two effects that modify the expected entanglement of states near a horizon, each of which suggests that there is no apparent need for black hole firewalls. Quantum mechanics tells us that while the black hole exists, unitary evolution maximally entangles a late mode located just outside the horizon with a combination of early radiation and black hole states, instead of either of them separately. Due to this extended entanglement, as the black hole ages, the local Rindler horizon is modified out to macroscopic distances from the black hole. Fundamentally non-local physics is not necessary to explain this result. We propose an infrared mechanism called icezone that is mediated by low energy interacting modes and acts near any event horizon to entangle states separated by long distances. These interactions at first provide small corrections to the thermal Hawking radiation. At the end of evaporation however the effect of interactions is as large as the Hawking radiation and information is recovered for an outside observer. We verify this in an explicit construction and calculation of the density matrix of a spin model. Another aspect of the same mechanism is the known effect of entanglement degradation of two modes near a black hole. The Hawking effect, namely random thermal noise, very efficiently destroys quantum correlations for an accelerated observer near the horizon. This effect severely limits the range of observations that an observer, especially one who jumps into a black hole after measuring the late and early modes, could perform in the vicinity of a black hole. Together the two effects indicate that the equivalence principle is preserved at a quantum level.
I. INTRODUCTION
The authors of Ref. [1] challenged our understanding of black holes by claiming that for old black holes, quantum mechanics and the usual black hole postulates are not compatible. Let us first review their general argument. Keeping quantum mechanics unchanged, they examined the following statements about black holes: (1) Hawking evaporation is information preserving, (2) low energy effective field theory should be valid beyond some microscopic distance from the horizon, and (3) an infalling observer does not see anything unusual at the horizon. In particular, they examined a mode of late Hawking radiation, which we call L, emitted by an old black hole. They argued that this mode is entangled with earlier radiation, which we call E, due to general arguments by Page about thermodynamic systems. Moreover they claimed that the mode L should be entangled with a mode, L ′ inside the horizon because the horizon is smooth for any infalling observer. Reference [1] claimed "To restate our paradox in brief, the purity of the Hawking radiation implies that the late radiation is fully entangled with the early radiation, and the absence of drama for the infalling observer implies that it is fully entangled with the modes behind * Previous name John Wang the horizon."
Having a mode L maximally entangled with two different states would represent a paradox because maximal entanglement is monogamous, namely one state can not be simultaneously maximally entangled with two different states. Entanglement monogamy in a tripartite system can be shown for example by studying the tangle, the relative entanglement between three states Ref. [7] . AMPS described the paradox by examining the entropy between a system with three subystems A, B, C. The entropies of different combinations of subsystems follow the subadditivity inequality
and the strong subadditivity inequality
Setting A = E the early Hawking radiation, B = L the late Hawking mode, and C = L ′ the entangled Hawking mode inside the horizon, gives us the setup of AMPS. They argue that the exterior and interior modes are entangled due to the smoothness of the horizon so there is no entropy for their combined system S LL ′ = 0. Given this entanglement, the two above inequalities constrain the entropies S E = S L ′ LE and S E ≥ S E +S L which is impossible because the entropy of the late radiation should be positive. To resolve the paradox, the authors proposed their most conservative resolution claiming that black hole statement 3 is incorrect so an infalling observer near the horizon encounters some new and unknown high energy physics dubbed a firewall that burns infalling objects,. According to their arguments any alternative would be much more radical and would involve violations of semiclassical physics out to macroscopic distances from the horizon.
In this paper we first re-examine the entanglements in a system using Page's result [2] which applies generically to thermodynamic systems. If a system evolves into a large subsystem of dimension n, and a small subsystem of dimension m, then eventually there is almost no information left in the small subsystem. At the time when this happens, called the Page time, the large subsystem contains ∼ ln n degrees of freedom, and correlations between the large and small subsystems contain ∼ ln m degrees of freedom. The fact that the correlations between the subsystems scale as the size of the small system implies that the large and small systems are maximally entangled, namely one can find out about the small system by studying the large system. If the large subsystem is early Hawking radiation and the small subsystem is late Hawking radiation, this result is often interpreted as the fact that early radiation and a mode of the late radiation must be maximally entangled.
However, as we will discuss in more detail in Sections II and III, it is more accurate to say that a mode of late radiation is maximally entangled with the rest of the large subsystem, which after the black hole has evaporated, contains both the early radiation and the rest of the late radiation. Page's result can additionally be applied at different times during the evaporation process. For example when we have an old black hole, we can take the small subsystem to consist of a single mode of the late Hawking radiation. This mode should be entangled with both the early radiation and some black hole states. Because the exterior mode and the interior mode are not maximally entangled
then there is no need for a firewall to destroy entanglements. Our resolution implies that the horizon modes of an old black hole are strongly entangled with the early Hawking radiation, while the horizon modes are more strongly entangled with each other for a young black hole. As the black hole ages, the horizon modes become increasingly entangled with the early Hawking radiation due to an infrared effect that we call icezone. While the infrared dynamics are local, over a period of time their accumulated effect increasingly entangles states out to macroscopic distances from the horizon. Quantum unitarity is preserved.
In Section III A we quantify the icezone by constructing its density matrix. As an explicit example of how icezone works in practice we study a particular spin emission model of black hole evaporation where interactions change an approximately thermal density matrix into a pure state. These interactions introduce small corrections to Hawking radiation during most of the decay process. They become increasingly important at the end of evaporation and unitarize the radiation.
We also examine the impact of entanglement degradation on the firewall paradox in Sections IV and V. The entanglement of two nearby modes separated by an event horizon is not just dependent on proximity but also on the acceleration of the observer. Entanglement degradation does not occur for inertial observers in flat spacetime, however for accelerated non-inertial observers, it was shown in [3] that entanglement is an observer dependent quantity that depends on the relative acceleration of the observers and not just their positions. The authors considered a maximally entangled bipartite pure state in an inertial frame observed by two observers. They found out that that only inertial observers in flat space-time agree on the degree of entanglement, while non-inertial observers see a degradation of entanglement. The source of this entanglement degradation is the Unruh effect, namely random thermal noise of the vacuum. Random thermal noise can degrade or even destroy any initial entanglement present in the system. A system exposed to the random thermal noise is not isolated because it interacts with particles extracted from the vacuum and this interaction degrades the entanglement.
In [4] , the entanglement degradation calculations were generalized to the case of a black hole. In particular, the loss of entanglement in the system observed by a free falling observer, Alice, and an observer outside the event horizon, Rob, was considered. The authors calculated the entanglement degradation due to the Hawking effect as a function of the distance from the event horizon, mass of the black hole and frequency of the entangled mode. The authors concluded that the entanglement degradation is maximal when Rob is exactly at the horizon, where all of the initial entanglement is destroyed. Entanglement degradation will be very important in a narrow region very close to the event horizon. The degradation decreases very quickly as the Rob's distance to the event horizon is increased. The degradation is stronger for less massive black holes, which is consistent with the fact that the Hawking temperature increases as the mass of the black hole goes to zero. Finally, degradation is greater for modes of lower frequency since it is easier to excite those modes, and they are more sensitive to the Hawking's thermal noise.
Entanglement degradation is an alternate way for us to see that there is no need for a firewall. A static observer, Bob, who stays very far from the horizon can not witness the apparent firewall paradox. He can only register maximal entanglement at late times between the early and late Hawking radiation which is needed to recover unitarity. In contrast, as an infalling observer, Alice can potentially observe the entanglement conflict by measuring the early modes far from the black hole, late modes near the black hole, and finally the entanglement with modes inside the black hole. However, to confirm the entanglement between the early and late modes, she needs to perform multiple measurement even for a single mode. In addition, to verify that early and late modes are maximally entangled, she needs to measure all the late modes or at least a majority of them. Therefore, she has to spend some time hovering near the horizon. Note however that while hovering, she stops being an infalling observer, and she becomes an accelerated observer. At that moment the entanglement degradation kicks in, and Alice is no longer able to deduce that the near horizon modes are entangled. Instead, she would see that the quantum correlations between these modes keep disappearing. To actually measure the entanglement of the early, late and inside modes, Alice would have to perform an implausible series of complex tasks while in a free fall.
II. ENTANGLEMENT IN UNITARY MODEL OF BLACK HOLE DECAY
In this section and section III we examine the original assumptions of the paradox itself. Specifically, we point out that unitarity of the black hole evaporation process implies that, L, a mode of late Hawking radiation, is maximally entangled with the combination of early Hawking radiation E and black hole states while the black hole exists, and not with either of them separately. The late mode L is not maximally entangled with an interior mode at any time except maybe for very young black holes. At the end of evaporation, L is maximally entangled with the early Hawking radiation and even later Hawking radiation. The late Hawking mode is not maximally entangled with just the early Hawking radiation unless L is the last mode emitted.
Black hole evaporation resides in the still swampy lands of quantum gravity. To understand black hole decay we start from terra firma and try to navigate as far as possible using the rules of quantum mechanics. Let us begin with a general two step quantum mechanical decay process that consists of a pure state B 0 decaying into two states, B 1 and E as shown in Fig. 1 . The decay products B 1 and E are typically in a highly entangled state because of their common origin. Next, the state B 1 decays into two other states, B 2 and L, so states B 2 and L are highly entangled because of their common origin. Since the state E was entangled with B 1 , and B 1 yielded B 2 and L, we also expect that the state E is highly entangled with the pair (B 2 +L). There is no reason to expect that E is highly entangled with B 2 and L separately, and such a situation would violate entanglement monogamy. On the other hand a high level of entanglement between E and the pair (B 2 +L) is expected and does not violate any principles.
To map this decay process to the firewall paradox, take B 0 to be a black hole that emits early Hawking radiation E, while B 1 represents a less massive black hole that emits late Hawking radiation mode L. Therefore, when a black hole B 0 emits an early Hawking mode E, the The decay products B1 and E are typically in a highly entangled state because of their common origin, and so are B2 and L. The state E is highly entangled with the pair (B2 + L), but there is no reason to expect that E is highly entangled with B2 and L separately. If B0 is an initial black hole that emits early radiation E and changes its state into B1, and then B1 emits the late radiation L and changes its state to B2, we have a unitary model of black hole evaporation. Therefore, E and L are never maximally entangled, E ✚ ✚ ↔L, except at the end of the process when there is no black hole.
resulting state consists of B 1 and E which are maximally entangled B 1 ↔ E. When subsequently B 1 emits a late Hawking mode L, the resulting state consists of B 2 and L. In this case the late radiation L is not maximally entangled with the early radiation E or with any modes inside the black hole separately. The late mode L is only maximally entangled with a combination of the black hole and early radiation E ↔ (B 2 + L). The decay process can be summarized in the following steps
By construction the process described in Fig. 1 does not represent a paradox, so perhaps the firewall setup does not represent a paradox either. Let's connect our general discussion to a specific example. We start with a black hole whose initial spin is zero. We label this state as B 0 . In step one, the black hole emits an electron. This electron represents early Hawking radiation. The system consisting of a black hole plus the emitted electron is now in the entangled state described as
where the subscripts B and E stand for "black hole" and "early Hawking radiation". Black holes conserve angular momentum (for simplicity spin) during Hawking radiation, so if a spin down electron is emitted, the black hole has to acquire one unit of spin up, and vice versa. Before we do the measurement and collapse the wave function of the emitted electron, the system "black hole + early Hawking radiation" is in the entangled state (5). In step two, the black hole emits another electron, which now represents late Hawking radiation. The electron emitted later is entangled with the "black hole + early Hawking radiation" state, and it would wrong to consider the entanglement of the black hole with late radiation, and late radiation with early radiation separately. The correct entangled state of the system "black hole + early Hawking radiation + late Hawking radiation" is
The notation is self-explanatory. If a black hole was in the state ↑ B1 , and emits a spin down electron, it will go into the state with two units up ⇑ B2 . The subscript on the black hole state, n on B n represents how many decay modes have left the original black hole B 0 . If a black hole was in the state ↑ B1 , and it emits a spin up electron it will go into the state with zero spin 0 B2 . Similarly, if a black hole was in the state ↓ B1 , and emits a spin up electron, it will go into the state with two units down
Even if all of the coefficients are of the same order, for example α ≈ β and γ ≈ δ ≈ ρ ≈ σ, this would not represent a paradox. In fact we can put some restrictions on the values of the coefficients from the known facts about the black hole evaporation. Detailed studies of the Hawking evaporation strongly suggest that black holes try very hard to get rid of their quantum numbers. Positively charged black holes preferably emit positively charged particles, while the emission of negatively charged particles is strongly suppressed. Similarly, black holes with spin strongly prefer to emit particles with spin parallel to the spin of the black hole. This effect, which was first observed numerically in [8] (see also [9] ), was explained analytically in [10] . Namely, what an observer at infinity observes depends on several factors, where only one is truly random. The only random effect near horizon is vacuum fluctuation, where pairs of virtual particles are popping in and out of vacuum. The next step, when it is decided which of these virtual particles are going to become real on account of black hole's energy, and which of those created particles will end up crossing the potential barrier, are not random. On the contrary, the black hole radiation is not random and strongly depends on the geometry and charge of the black hole.
The Hawking radiation spectrum described by the energy dE emitted by a rotating black hole per unit time dt and per unit frequency dω is
where T h is the Hawking temperature, l and m are the total angular momentum quantum numbers, s is the spin of the particle, Ω is the angular velocity of the black hole, N l,m is the number of available degrees of freedom and A l,m is the absorption coefficient. The absorption coefficient A l,m actually determines the transmission cross section of a particle interacting with the black hole potential barrier, i.e. the probability that a created particle will penetrate the barrier. We can schematically represent Eq. (7) as a product of two terms
where BB stands for the thermal black body term, while GB stands for the greybody term. The black body term gives the probability that a certain particle is produced near horizon as a real particle, while the greybody term modifies the thermal radiation due to the existence of the potential barrier which the created particle has to penetrate. The absorption coefficient A l,m crucially depends on the potential barrier and directly gives the greybody factor. The black body term in Eq. (8) preferably creates a particle of the same spin as the original black hole and the greybody factor shows that such particle will more likely cross the angular momentum barrier. Thus, the black body and greybody factors work in synergy. A black hole with spin zero would prefer to emit particles with no spin, but in our example we have only electrons at our disposal. Such a black hole would not have any preference to emit either spin down or spin up electron. Therefore, the coefficients in the first step α and β are of the same order. However, in the second step, the coefficients γ and ρ would tend to be very small since such processes are strongly suppressed. Thus we learn that
To conclude this section, our knowledge about black hole evaporation indicates that what an observer registers at infinity is not random at all. It is actually strongly correlated with the black hole itself. Thus, when we consider entanglement in the presence of the black hole, we cannot neglect the state of the black hole.
III. ICEZONE
In the previous section we treated black hole evaporation as a quantum mechanical decay process and found that before a black hole has finished evaporating, the late mode L is entangled with a combination of early radiation E and the black hole B. Compared to a quantum decay process, the AMPS argument assumes that the early radiation E is highly entangled with the late radiation L, and that the late radiation is entangled with some interior mode separately. In this section we apply Page's result at different times during the black hole evaporation process which supports our argument of the previous section. As a result we argue that black holes form an icezone near the event horizon in the AMPS setup without invoking fundamentally high energy or non-local physics.
The firewall argument by AMPS used Page's result about the average entropy of a subsystem. When a pure system is split into a larger subsystem, E, and a small subsystem, L, then typically the smaller subsystem E is maximally entangled with L. This result has been used to argue that if one waits long enough, a time called the Page time, then most of the degrees of freedom are in the already radiated early Hawking radiation, E. The subsystem E is then maximally entangled with the rest of the system, which they claim to be the late radiation L. We will argue that Page's result when applied to a small subsystem L should also include early radiation E and the late radiation that we call L R .
Also they claimed that the smoothness of the horizon implies that L is entangled with some mode L ′ inside the black hole. A physical reason would be that Hawking radiation arises from a pair of virtual particles being created near the event horizon. The outgoing mode and ingoing mode would be entangled with each other due to their common origin. Another reason to expect such an entanglement is that the event horizon of a black hole is classically approximated by Rindler space. Quantizing Rindler space entangles the modes inside and outside the horizon as we review in Section IV. In this section though we argue that quantizing Rindler space is not a good approximation for old black holes.
Let us now apply Page's result and start by examining things at the end of evaporation when there are no black holes or remnants around and we have to make the fewest assumptions. At this moment the radiation, E, emitted before the Page time and the rest of the radiation, L R , emitted after the Page time are maximally entangled. It is important to note that L R is not just a single mode of radiation. Evolve the late radiation L R back in time to when the black hole existed. This radiation is not only blueshifted to some radiation wavepacket, L 0 , but some of the radiation was organized into black hole degrees of freedom B. The black hole state and radiation wavepacket B + L 0 evolves into the late L R . At this point one could argue that the wavepacket L 0 is maximally entangled with other degrees of freedom, L ′ 0 , but we see there is no paradox about non-monogamous entanglement. The late radiation L R is maximally entangled with E at late times when the black hole has evaporated, while L 0 is entangled with L ′ 0 when the black hole is still present. The difference between this discussion and the AMPS discussions can be traced back to the inclusion of backreaction. Strictly speaking the propagation of radiation in the black hole geometry can not be described by free propagation in a fixed background. The late radia-
At the end of evaporation, the late radiation LR is maximally entangled with the early radiation E. Singling out a mode L of the late radiation, Page's result implies that L is highly entangled with the rest of the radiation E + LR − L. Time evolving the radiation back in time to when L was just emitted, the system consists of the mode L, early radiation E that was already emitted, and an old black hole. At early times, the late radiation was organized as a black hole, i.e. LR − L ≡ B. The mode of late radiation, L is entangled with the early radiation and black hole, L ↔ E + B, instead of with just a mode L ′ inside the horizon . Due to the large macroscopic entanglements of L, Rindler space can not be good semiclassical description of the event horizon for old black holes.
tion propagates in a spacetime but when we backwards time evolve this radiation, there is a black hole present and this backreaction affects the entanglements of the states. Reference [13] also points out the difference between a virtual mode near horizon and a real mode observed at infinity, though in slightly different setup.
One can also focus on the single wavepacket, L, of the late radiation L R . At the end of evaporation L is maximally entangled with the rest of the radiation, L ↔ (E+L R −L), where the two-sided arrow means maximally entangled as illustrated in Fig. 2 . Time evolve the radiation backwards to near the Page time when there is an old black hole around but the mode L and early radiation E are still outside the horizon. The late radiation excluding one mode, L R − L, was previously organized into the degrees of freedom of the black hole. All together we find that the mode L is entangled with the early Hawking radiation and the black hole by Page's result, L ↔ E + B. This result is different from the one claimed in the firewall paradox L ↔ L ′ . Even though L R ↔ E, it does not have to be true that L a subset of L R is entangled with a subset of E.
For old black holes, the entanglement of L with a combination of both the early Hawking radiation and black hole states suggests that the quantum description of a black hole changes over time. The quantum Rindler approximation of a black hole horizon can not be valid because that would require the inside and outside modes to be entangled with each other. Our result is similar to having a firewall in the sense the black hole horizon is no longer a naive model of flat space but we argue that entanglements are modified in a very different way. To recap our claim is:
The quantum Rindler approximation breaks down near the horizon of an old black hole due to unitary evolution.
If one started with the assumption that a quantum Rindler horizon is an accurate description of an old black hole then such a macroscopically large entanglement would appear to violate locality. As we will argue below, however, there appears to be a local dynamical mechanism that enforces this entanglement.
Let us continue the backward time evolution to when we have a young black hole and only some portion of the early radiation E radiation has been released. The portion of the radiation, E ′ that is outside the horizon, is a small subsystem. By Page's result E ′ should be maximally entangled with the rest of the larger system which is the black hole. So for young black holes, the modes outside the horizon E ′ are strongly entangled with the modes of the black hole inside the horizon and the quantum Rindler approximation should be accurate.
Although the above general arguments suggest a modification to our usual black hole understanding, there should also be a local dynamical process that realizes how the entanglement changes at large scales from the horizon. Our proposal is to modify the usual physical explanation of Hawking radiation in which two virtual particles pop up from the vacuum with one ingoing and one outgoing mode. It is much more accurate to say that the two virtual particles will appear along with a large number of soft infrared photons (or other low energy particles). These low energy particles will collide with Hawking quanta in the later radiation as shown in Fig. 3 . Due to the collisions, which may include loop diagrams with different particles of the theory, a late mode L is not only be entangled with the interior modes of the black hole but with modes that are in the Hawking radiation E. Low energy particles would not measurably affect the amount of radiation being emitted but they would change the entanglement. Due to the interaction in the radiation, the entanglement of the horizon modes will spread out spatially to the far away radiation.
Although the standard Hawking radiation is usually defined for a static observer far from a black hole, it is important to emphasize that an infalling observer who probes the near horizon structure would certainly notice these soft quanta. For example it was explicitly demonstrated in [16] that the infalling observer sees a non-divergent flux of particles coming out of the black hole. Though an infalling observer should classically encounter a nearly flat space-time at the horizon of a large black hole, these soft quanta would affect entanglement and ruin the quantum Rindler approximation.
There is so far no apparent reason to argue that a firewall is needed to solve the discrepancy between the usual
.., EN are the modes of early Hawking radiation. A local Rindler approximation would naively imply that each Ei is entangled with its ingoing partner E ′ i . However unitarity implies that the first mode E1 is entangled with the black hole, B, the second mode E2 is entangled with the system of E1 + B, etc. All the outgoing modes will eventually be entangled. The mechanism that provides the necessary interaction between the modes to establish the entanglement is the "icezone", which consists of a sea of quanta that mediate interactions (either perturbative or non-perturbative) between the thermal Hawking quanta.
black hole evaporation process and quantum mechanics. The real problem was the formulation of the paradox in [1] , which considers the entanglement of the black hole states with late Hawking radiation, and late Hawking radiation with early Hawking radiation separately. This formulation is not self-consistent because the a mode of late Hawking radiation is not entangled with either the black hole or early Hawking radiation separately. Instead it is entangled with the combined "black hole and early Hawking radiation". This extended entanglement can be easily explained with small corrections to the thermal radiation that come from interactions which are neglected in the original Hawking derivation.
A. Quantifying the icezone effect: density matrix
As an example of how icezone works in practice we study a particular spin emission model of black hole evaporation where interactions change an approximately thermal density matrix into a pure state. These interactions introduce small corrections to Hawking radiation during most of the decay process but become important at the end of evaporation and unitarize the radiation.
The general approach will be to analyze the effect of correction terms to the thermal density matrix of the radiation. As a quick recap, the thermal density matrix is taken to be the maximally entangled density matrix which is proportional to the identity matrix. In comparison a pure state state density matrix will be a matrix of all zeros with the exception of a single one as a matrix entry along the diagonal. Because the matrices are in principle very different one might ask in what sense corrections can make these matrices equivalent. One factor to consider is that the determinant of an n × n maximally entangled matrix is (
n which goes to zero in the large n limit. For large systems, the maximally entangled matrix is in a sense close to a pure state which has zero determinant. Furthermore the size of the matrix n is sometimes exponentially large as in the spin emission model discussed below. A person measuring the entanglements will have a hard time distinguishing between entries 1/n and 0 for exponentially large n.
We model our black hole as a massive object emitting spin 1/2 quanta. Initially the number of quantum gravitational quanta contained in a black hole is of the same order as its entropy, i.e. N = (M/M P l ) 2 , where M is the mass of the black hole. For each emission, emitted quanta can be have one of the two spin values. Therefore the space of states is spanned by 2
N basis vectors. We analyze the density matrix of the radiation after K quanta have been emitted. The radiation is entangled with the states of the black hole and so while the black hole exists, they should not constitute a pure state.
Corrections to the density matrix due to interactions can be determined in the interaction picture as
where ρ 0 is the initial density matrix. For the black hole, the initial density matrix after K quanta are emitted should be maximally entangled and close to Hawking's result
where the factor of 1/2 K is a normalization factor to ensure that the probability is normalized. The general rule of thumb is that such a density matrix needs another factor of 1/2 for each additional quanta emitted. G is a superoperator and is determined by the interaction Lagrangian.
In the second equality we used that fact that because G is a time evolution operator, it should be equal to the identity matrix plus some interaction matrix A. In general the interaction matrix should depend on time but we are interested in analyzing the situation after a sufficiently long time has passed and after a large number of interactions. The interaction matrix connects different states, so it is off-diagonal. For simplicity we set the many possible phases equal to zero. We also assume that interactions are random and equally mix all possible states. This constrains the form of the interaction matrix so it is one everyone except for zero along along the diagonal
The form of the coefficient a can be determined from perturbative or non-perturbative interactions depending on the theory in question. If the effect is non-perturbative, then it is expected that a = e −S ≈ 1/2 N −K . This is the probability that non-perturbative effects take place and the probability increases as more quanta are released. After K quanta have been radiated
In this expression we see that there are two sources that are suppressing the effect of interactions. The first is the normalization of the density matrix which effectively means that effect of interactions is effectively suppressed by the number of possible final states. This suppression grows as the black hole evaporates. The second suppression is due to the probability of each nonperturbative interaction. This suppression starts off as very large but becomes much smaller as the black hole evaporates. For large N , the interactions are initially suppressed compared to the Hawking radiation due to the non-perturbative interaction. As the black hole radiates away though, the suppression factors become equal and we get
which is just the density matrix ρ Pure = 1 2 N i,j |i >< j| of a pure state ψ = 1 2 N/2 i |i >. This final result that non-perturbative corrections to Hawking radiation can unitarize Hawking radiation is similar to that of [19] . Even though the starting points are very different and our follows by analyzing the interaction picture of time evolution, one can show that the diagonal correction matrix in [19] is equivalent (by a change of basis) to our off-diagonal matrix
Non-perturbative gravity effects in principle could solve the black hole information problem. Their effect could be very important in certain theories especially if the radiated quanta are from a free field. For different theories, however, perturbative effects could be more dominant. In those cases the interaction matrix should take the form
which is normalized by the number of ways to choose k quanta out of N total quanta. In this case we can check several limits for the density matrix
At the end of the evaporation process k = N we get A = ✄ I N . This tells us that at the end of the decay process we obtain
which is the pure state density matrix just like before. For k = 1 we get A = 1 N ✄ I so the corrections are suppressed by the large N factor. With this form of the corrections, the suppression grows until we get to k = N/2 and then the suppression decreases. This result is in fact closer to Page's result which states that the black hole only starts to emit information at significant rate after half of the black hole has been radiated away.
It was important to learn that both non-perturbative and perturbative interactions could purify the thermal density matrix. Otherwise, the resolution to the information loss paradox would strongly depend on the details of the underlying theory. In principle, the resolution should not depend on the exact particle content of the standard model and its interactions. The resolution should work even for a simple generic model. Say for example that we have only a single massless scalar field, φ, propagating in the background of a black hole. Its Lagrangian density is
However, gravity would induce many other terms even if they were initially absent from the original bare Lagrangian. The gravitational induced terms would modify the action so it is of the form
Terms of the form φ n for n ≥ 5 are called perturbative. Perturbative terms are suppressed by powers of M Pl , so they are small (except for the dangerous dimension four term). Non-perturbative terms are of dimensions one, two and three. These terms are not suppressed by powers of M Pl , but in addition to the factors of M Pl written explictly above, they also involve non-perturbative quantum gravity effects (topology change, wormholes, etc.) and are suppressed by large action factors e −S , as in our previous discussion (see also [20, 21] ). Thus, even a simple model of the massless scalar field has enough structure in the presence of gravity to yield both nonperturbative and perturbative interactions.
The above discussion agrees with the qualitative features of the icezone discussed in the previous section. The icezone takes time to form. When only a small number of Hawking quanta has been released then the effect of the interactions is small and the quantum Rindler space is a good approximation of the horizon. After a long time, many interactions between the emitted quanta which can either perturbative or non-perturbative depending on the theory, will noticeable change the entanglements near the horizon. The quanta mediating interaction between the thermal Hawking quanta would not change the flux of the outgoing quanta or, the energy enough to significantly change the classical nature of the horizon. These interaction would change the fine quantum structure of the horizon. The dynamics of interactions would not be a firewall but the exact opposite, an icezone. The main point is that each individual interaction term makes tiny corrections to the Hawking radiation but over time their integrated effect is large.
IV. ENTANGLEMENT DEGRADATION
In this section we review entanglement degradation [4] which affects the entanglement of two relatively accelerated observers including those near a black hole horizon.
The calculation begins with the Schwazschild black hole and due to the rotational symmetry we will primarily be concerned with the radial part
where f = 1 − 2m/r. In terms of the proper time t 0 = f 1/2 0 t of an observer located at r = r 0 , the metric is
We define a new variable z 2 = 8m(r − 2m) to show that the near horizon region looks like the Rindler metric
where κ = 1/(4m) is the surface gravity. Since a = κ/ √ f 0 is the Rindler acceleration parameter (in the limit of f 0 → 0, we have a → ∞), we write
Introducing the tortoise coordinate r * = r + 2m ln |1 − r/2m|, we go to the null Kruskal-Szeckeres coordinates
(27) The metric is now
Finally, near the horizon, this metric becomes
and uv − −(κz) Let us consider a scalar field propagating in this background. For a freely falling observer near the horizon we write down the free scalar field modes
which are just positive frequency solutions of the free Klein-Gordon equation near the horizon. The label "H" refers to the Hartle-Hawking vacuum which is not singular at the horizon. The time parameter "t" is the the proper time of a freely falling observer (∂t ∝ ∂ u + ∂ v ). A static observer located at some fixed distance from the horizon is accelerated and in the Boulware vacuum. For him, we can define the scalar field excitations as
The label "B" refers to the Boulware vacuum, and time "t" is the static observer's time. These modes travel in region I of the Kruskal space-time conformal diagram which corresponds to one of the exterior black hole regions. The corresponding modes in the the second exterior region IV are
The standard procedure now is to determine the vacuum mismatch. Positive frequency solutions u 
with tanh q i = exp(−π √ f 0 ω i /κ). The one-particle state in the Hartle-Hawking vacuum can be obtained by applying one creation operator to the vacuum state
(34) With these definitions, we can write down a maximally entangled bipartite state
The subsystem labeled by the subscript A is observed by a freely falling observer Alice, while the subsystem B is observed by a static near-horizon observer Rob. We can track down the quantum correlations between the systems by studying the so-called negativity N . The negativity is defined as the sum of the negative eigenvalues of the partial transpose density matrix of the bipartite system (partial transpose referees to the transpose of only one of the subsystems). In particular, for a density matrix of a bipartite system
we can define the partial transpose as
where we transposed only the system B. Then by definition
where λ i are the eigenvalues of the matrix ρ pT . The evolution of entanglement between the systems A and B is determined by the evolution of the negativity N . When N drops to zero then all the quantum correlations between the systems disappear. In Fig. 4 , we show the main results of the analysis performed in [4] . The frequency that Rob registers is measured in dimensionless units of Ω = 2πω R /κ = 8πmω R . The closer Rob is to the event horizon, the more the entanglement shared between Alice and Rob decreases. When Rob is exactly at the horizon, the entanglement completely disappears. This degradation phenomenon occurs only very close to the black hole, so if Rob is far from the horizon, no significant loss of entanglement would be seen. The only exceptions are very low frequency modes which are very easy to excite and are thus very sensitive to the Hawking effect which is responsible for the degradation. If the frequency ω R is kept constant, then the dimensionless frequency Ω would grow with the black hole mass. The results of Fig. 4 shows that the degradation is stronger for smaller black holes. This is an expected behavior since smaller black holes have higher Hawking temperature.
V. IMPLICATIONS OF THE ENTANGLEMENT DEGRADATION FOR THE FIREWALL PARADOX
While much more detailed analysis can be found in [4] , Fig. 4 already contains enough relevant information for the firewall paradox. We have just reviewed the results showing that just because one observer is spatially close to another one near a horizon, it does not mean that they will observe the same level of entanglement. The disagreement could be small or large depending on the relative accelerations between the observers. For example when measuring entanglement, an observer who hovers just outside the horizon will not agree with an infalling observer, even though they are close to each other.
Let us now set up a particular version of the firewall paradox that we wish to examine. There are three relevant modes whose entanglements are discussed: the early [4] with the permission from the authors. The plot shows the dependence of negativity, N , on the distance of the observer (Rob) from the horizon, r0/Rs, and dimensionless frequency, Ω = 8πmωR, of the entangled mode. As Rob approaches the horizon, the negativity goes to zero which implies that any initial entanglement disappears. The effect is more pronounced for low frequency modes which are easier to excite in the black hole background. This result is consistent with the claim that random thermal noise is the source of entanglement degradation. Also, degradation is stronger for smaller black holes since they have higher Hawking temperature.
Hawking radiation E which is already far from the horizon, the late Hawking radiation mode L which is very close to the horizon, and a mode L ′ which is just inside the horizon. If late Hawking radiation is maximally entangled with early Hawking radiation because of unitarity, and the late Hawking radiation is entangled with the modes just inside the horizon, then this would represent a paradox.
To have a real paradox, this paradox must be observed by someone so let us have two observers, Bob and Alice. Bob is located far from the black hole 1 so that he can observe both early and late Hawking radiation. Bob can observe only the early and late Hawking radiation. He can not see the mode inside the horizon so there are no paradoxes for Bob.
Alice is an infalling observer, who eventually comes close to the horizon. In principle she can observe all three modes, though not in a straightforward way. If she jumps right into a black hole, she would register only early Hawking radiation and the modes inside the black hole. She would not see all the late Hawking radiation. If she remains an infalling observer at all times, she would eventually cross the horizon and observe the modes inside the horizon. She is at least positioned to observe all the modes. The complications come when Alice tries to measure the entanglement. If she tries to check the entanglement by for example measuring the early radiation, E, then this would modify the state and hence the entanglements with the rest of the system as discussed in Refs. [11, 12] .
In addition, checking the entanglement requires multiple measurement even for a single late mode. To verify that early and late modes are maximally entangled, she needs to observe a majority of the late modes. Therefore, she has to spend some time hovering near the horizon before she jumps in a measures the inside mode. However, while hovering, she is not an infalling observer anymore, and she becomes an accelerated observer. So Alice becomes Rob from the section IV. At that moment the entanglement degradation becomes important. Any entanglement measurements that she performed while infalling, stop being valid when she becomes accelerated, as we discussed in section IV. As a consequence, Alice can not claim that the late and early modes are entangled. Instead, she would see that the quantum correlations between these modes disappeared. In an ideal situation, to measure the entanglement of the early, late and inside modes, Alice has to perform all the tasks while in a free fall without any stopping. The complexity of the tasks makes this implausible.
VI. CONCLUSIONS
In this paper we revisited some of the assumptions in the formulation of the firewall paradox. The heart of the paradox is the apparent expectation that a mode of late radiation near the black hole horizon should be maximally entangled with both a mode inside the horizon and the early radiation mode, which is impossible in quantum mechanics. Instead of trying to destroy entanglements to prevent a paradox we argued that it would be more conservative to allow for a gradual change in the entanglements due to the accumulated effect of low energy physics.
In Sections II and III , we pointed out that the claim of early and late Hawking radiation being maximally entangled due to unitarity is not precise enough. When an old black hole is present, the early radiation must be maximally entangled with the system of the late mode plus the black hole, and not separately with each of them, as we illustrated in Fig. 1 . Due to the extended nature of the entanglements, the horizon is not always well described by a quantum Rindler space. In addition, the late mode at the end of evaporation is not the same as the late mode at the moment when it was emitted. As a black hole ages, its horizon slowly freezes due to interacting low energy modes forming an icezone as shown in Fig. 3 . Using only local physics this icezone increases the entanglement over larger and larger spatial distances as the black hole evaporates and it would be interesting to explore connections with the wormhole picture described in Ref. [12] .
In Sections IV and V, we pointed out another important effect in this context, whose discussion is missing in the existing literature on this topic. The amount of entanglement of a given bipartite quantum state of some quantum field is not an observer independent quantity. For example, two inertial observers in flat spacetime would agree that the state in question is maximally entangled. However, if one of the observers is accelerated, the Unruh effect would lead to degradation of entanglement. Similarly, in the black hole spacetime the random thermal noise (Hawking effect) would also lead to loss of quantum correlations near the event horizon. In curved spacetimes the situation is even worse because two nearby inertial observers are relatively accelerated due to the geodesic deviation. As a result, except in flat space even locally inertial observers might not agree on the degree of entanglement.
This entanglement degradation is important in the context of the firewall paradox. Alice, an infalling observer, needs to perform multiple measurements to make sure that the entanglements in question hold. It is very likely that she would have to spend a long time outside of the horizon in order to observe the relevant modes and perform the necessary entanglement measurements on them. Thus, trying to examine the evaporating black hole system, Alice would realize that the entanglement she inferred between the two modes actually disappeared as she accelerated to stay at a fixed radial coordinate outside of the horizon. The horizon destroys any initial entanglement due to the random thermal noise and nothing more dramatic or unconventional is really needed, see Refs. [14, 15] for complementary arguments.
The two results of this paper, entanglement extension and degradation, fit together into a picture that suggests that it is not necessary to have a firewall. At first glance though there appears to be a tension between the two results we presented. In the first case interactions enhance entanglement with far away radiation, while in the second case this radiation destroys entanglement between nearby modes. It is important to point out however, that when there are three or more components to a system, entanglement is not merely enhanced or destroyed. The destruction of entanglement between two components of a system also simultaneously increases the entanglement between two different components. For example even though the infrared collisions destroy the entanglement between new particles that just pop out of the vacuum, their entanglements with far away radiation are simultaneously strengthened. Similarly in the case of acceleration, even though the entanglement of nearby Rindler horizon states is degraded for an accelerated observer, the entanglement of the outgoing mode with the far away radiation would increase. This provides a way for information to be recovered at infinity.
Although these two entanglement effects are related in principle, they tend to differ in scale. If there is not much acceleration then there is not much degradation. The "icezone" interactions are not strong, so they don't change the acceleration or trajectory of the outgoing mode too much. For large black holes this is a relatively slow process because the radiation flux is so low, but after a long time the accumulation of infrared collisions substantially changes the entanglement near the horizon. In the case of the accelerated observer, entanglement degradation is substantial near the horizon because the acceleration for an observer would be large.
To quantify the icezone effect we analyzed a spin emission model of quanta from black holes in Section III A. We explicitly constructed the density matrix for the icezone for non-perturbative and perturbative effects. The construction was based on the interaction picture of interactions and in the non-perturbative case we found similar results to [19] . The main point is that while these interactions are typically small, they become large and of the order of the Hawking radiation when the black hole has almost finished evaporating. The effect eventually purifies the thermal radiation and information is recovered from the black hole.
We emphasize that an icezone is observable even for an infalling observer who is able to probe the near horizon structure. This is important since the standard Hawking radiation is usually defined for a static observer far from a black hole. For this far away observer, the blueshifted flux of radiation diverges at the horizon. This is also the reason why a static observer near the horizon sees entanglement degradation. However, as explicitly demonstrated in [16] (see also [17, 18] ), an infalling observer would also observe a flux of particles coming out of the black hole, with an important difference being that this flux would be non-divergent at the horizon. Thus, an infalling observer should indeed classically encounter a nearly flat space-time at the horizon of a large black hole, however these soft quanta would affect entanglement as we described it and invalidate the quantum Rindler approximation.
Icezone, which is a quantum effect in vicinity of a black hole, changes how the black hole states are entangled by modifying the quantum near horizon limit. It would be interesting if it could be observed experimentally. For a real black hole accretion disk, the effects of icezone would typically be small due to its low temperature. Ideally, there may be very special cases (e.g. an isolated black hole) in which icezone could be experimentally observed by interference measurements.
Finally, we point out the crucial difference between the firewalls and icezones. Unlike firewalls, icezones retain the rules of QM and thermodynamics and change general relativity to conform to them instead of the other way around. We then see that there is no paradox from the beginning or need to introduce unexplained high energy radiation appearing out of nowhere which would also likely invalidate the equivalence principle. Although the near horizon features of a black hole are no longer well described by a quantum Rindler space, our analysis shows that the quantum version of an equivalence principle is kept safe. Gravity and acceleration both change entan-glements.
